We have synthesized a new series of azolium cyclophanes and used them as precursors of inherently luminescent dinuclear Au(I)-N-heterocyclic carbene (NHC) complexes. The azolium cyclophanes contained two azolium groups (either imidazolium or benzimidazolium), an o-xylyl group, and an alkyl linker chain (either C 2 , C 3 or C 4 ). All of the azolium cyclophanes were characterised by X-ray diffraction studies and VT NMR studies, and all were fluxional in solution on the NMR timescale. The C 3 -and C 4 -linked azolium cyclophanes served as precursors of Au 2 L 2 2+ complexes (L is a cyclophane bis(NHC) ligand). Due to the unsymmetrical nature of the azolium cyclophanes, the Au 2 L 2 2+ complexes each existed as cis and trans isomers. X-ray diffraction studies showed that the Au 2 L 2 2+ complexes had short intramolecular Au⋯Au distances, in the range 2.9-3.3 Å, suggestive of an aurophilic attraction, presumably as a consequence of the geometrical constraints imposed by the cyclophane bis(NHC) ligands. The complexes having the shortest Au⋯Au distances (i.e., those based on C 3 -linked cyclophanes) exhibited intense luminescence in solution. The uptake of one of the dinuclear Au-NHC complexes by tumorigenic cells, and its subsequent distribution and toxicity in the cells, was monitored by luminescence microscopy over 6 h and proliferation measurements, respectively.
Introduction
Cyclophanes have been of significant interest during the last decade, spurred on by studies into their interesting conformational behaviour, 1-6 their application for anion recognition, 4, [7] [8] [9] [10] and in the case of azolium cyclophanes, for their use as precursors to N-heterocyclic carbene (NHC) metal complexes. 5, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] In recent years there has been a high level of interest in the antitumour properties of Au(I)-NHC complexes. 22, 23 In an early study in this area, we showed that some Au(I)-NHC complexes were toxic to tumour cells, but not to normal cells, and selectivity for tumour cells could be achieved by fine-tuning the hydrophilic/lipophilic balance through ligand design. 24 A mechanism of action involving selective inhibition of thioredoxin reductase (TrxR) in mitochondria of tumour cells has been proposed. 24, 25 To this end, we have also reported a series of related lipophilic, cationic, dinuclear Au(I) complexes containing bridging bidentate NHC ligands derived from azolium-linked cyclophanes. 13, 26, 27 Au(I)⋯Au(I) distances that are less than the sum of the van der Waals radii for the Au(I) ions are known to be weakly attractive, and such aurophilic interactions have been the subject of much attention in the scientific community. [28] [29] [30] [31] [32] Remarkable photophysical behaviour is often associated with compounds containing short Au(I)⋯Au(I) contacts, [33] [34] [35] [36] [37] [38] a feature that has made them an important family of luminescent metal complexes, from both an experimental and theoretical perspective. 30, 32 Previously, we have shown that for a family of dinuclear Au-NHC complexes where the NHC groups are part of a cyclophane framework, modification of the supporting cyclophane framework afforded control of the intramolecular † Electronic supplementary information (ESI) available. CCDC 834016-834025.
For ESI and crystallographic data in CIF or other electronic format see DOI: 10 .1039/c6dt01409g Q2 a School of Chemistry and Biochemistry M310, The University of Western Australia, Perth, WA 6009, Australia. E-mail: murray.baker@uwa.edu.au b Au⋯Au distance. 13, 27 By carefully controlling this distance, the resulting luminescence excitation and emission maxima were fine-tuned to ranges suitable for mapping the distribution of the dinuclear Au-NHC complex inside living cells by luminescence microscopy, without the need for incorporation of an additional luminescent tag. In the present study, we have expanded on this theme and synthesized a series of unsymmetrical cyclophanes containing a single o-xylyl group, two azolium groups (either imidazolium or benzimidazolium), and a C 2 , C 3 , or C 4 alkyl linker, as potential precursors to dinuclear Au(I)-NHC complexes with short Au⋯Au contacts. Our purpose was to investigate the ability to control both the intramolecular Au⋯Au distance (to influence the luminescence) and the hydrophilic/lipophilic properties of the Au(I)-NHC complexes (to influence their sub-cellular distribution).
Results and discussion
Azolium salts Synthesis and X-ray crystallography. Cyclophane salts I·2Br, II·2Br, III·2Br, IV·2Br and V·2Br were prepared by reaction of the appropriate bis(azole) with α,α′-dibromo-o-xylene under high dilution conditions (Scheme 1), and isolated by fractional crystallisation.
Crystals suitable for X-ray diffraction studies were obtained for each salt. The C 2 -and C 3 -linked cyclophane salts crystallised with water and/or solvent molecules (as I·2Br·2H 2 O, II·2Br·(Me 2 CO)·H 2 O, and IV·2Br·EtOH), while the C 4 -linked cyclophane salts III·2Br and V·2Br crystallised with no additional molecules. Structures of the cyclophane cations and associated bromide ions are shown in Fig. 1 and selected bond lengths and angles are summarized in Table 1 , and unit cell contents are provided in the ESI (Fig. S1 -S3 †). The C 2 -and C 3linked cyclophane salts crystallised with molecules of water and/or solvent. Amongst the imidazolium-based cations, structures are seen where the imidazolium units are oriented in the same direction with respect to each other (i.e., mutually syn, with the H2 hydrogens oriented away from the o-xylyl group; II 2+ ), and in opposite directions (i.e., mutually anti; I 2+ , III 2+ ). Both of the benzimidazolium-based cations IV 2+ and V 2+ adopt conformations in which the benzimidazolium units are mutually syn, with their H2 hydrogens directed beneath the o-xylyl moiety, presumably to avoid unfavourable steric interactions between the benzimidazolium C 6 ring and the o-xylyl moiety. 3, 4 Interestingly, in all of the cations, the C 2 , C 3 , and C 4 linkers exist in staggered conformations. It may be that a preference for this type of conformation, avoiding unfavourable eclipsing interactions, is important in determining the relative orientation of the imidazolium groups in the macrocycles I 2+ , II 2+ and III 2+ , in the absence of the type of steric interactions that favour the particular syn arrangement seen for the benzimidazolium groups in IV 2+ and V 2+ .
In all cases, the close proximity of bromide counter ions to the H2 hydrogens of the azolium units is indicative of hydrogen bonding. For the C 2 -and C 4 -linked cyclophanes I 2+ , III 2+ and V 2+ , each H2 hydrogen is associated with a different bromide ion (Br(1) or Br (2)). For the C 3 -linked cyclophane II 2+ , in which mutually syn arrangement of the imidazolium groups dictates that the H2 hydrogens of the two azolium groups are close together (H⋯H ∼ 2.69 Å; cf. H⋯H ∼ 3.25 Å in V 2+ ), both imidazolium H2 hydrogens are associated with the same bromide ion (Br(2)). In I·2Br·2H 2 O, further hydrogen bonding is observed between Br(2), water molecules, and the noncation bonded bromide ion, Br(1) (see ESI, Fig. S2 †) . The situation in the C 3 -linked cyclophane IV 2+ is more complex. In the crystal structure of IV·2Br·EtOH a single bromide counter ion was modelled as disordered over two sites, showing hydrogen bonding to the H2 hydrogens atoms of the cation (Fig. 1 ). The structure of the cation is significantly twisted (as is shown clearly in the diagram of the unit cell contents, ESI, Fig. S3 †) .
NMR spectroscopy. The 1 H NMR spectra of the o-xylyl linked cyclophanes suggested that in solution the cyclophanes adopted conformations similar to those seen in the solid state. In each case, however, the spectra were exchange-broadened in a manner consistent with processes involving interconversion between two equivalent conformations.
The 1 H NMR spectrum of a solution of the C 2 -linked imidazolium cyclophane salt I·2Br in DMSO-d 6 at room temperature showed AA′XX′ patterns for the protons of the arene group (multiplets at δ 7.60-7 and δ 7.82-9) and ethylene group (apparent doublets at δ 4.22 and δ 4.77), a pair of doublets for the benzylic protons (δ 5.62 and δ 5.72) and apparent triplets for the imidazolium H4/H5 (δ 7.43 and δ 7.95) and H2 (δ 7.98) protons. The signal due to the imidazolium H2 protons is sur- prisingly upfield compared to the range of δ 8.5-9.5 typically seen for other imidazolium cyclophanes containing an o-xylyl linking group. 3, 4 It may be that the H2 proton of each imidazolium group is magnetically shielded by the effects of the ring current from the other imidazolium group, and such shielding would seem likely if the conformation of I 2+ seen in the solid state ( Fig. 1 ) persists in solution. Indeed, the number of 1 H NMR signals and their splitting patterns are consistent with the cyclophane I 2+ existing in two equivalent conformations in which the imidazolium groups are mutually anti (as seen in the X-ray study) which interconvert by "flipping" of the xylyl group ( Fig. 2a ). An exchange process involving rotation of each of the imidazolium units about its N⋯N axis, but without flipping of the xylyl group, would also account for the appearance of the 1 H NMR spec-trum. However, such an exchange process would seem unlikely to occur, given the small size of the cyclophane ring and the steric hindrance that would occur as the H2 or H4/H5 hydrogens "sweep" through the interior of the ring. The exchange process cannot involve both the flipping of the xylyl group and the rotation of the imidazolium groups, because that combination of processes would result in the signals due to the benzylic protons and the signals due to the ethylene protons both collapsing to singlets. The 1 H NMR spectrum of a solution of I·2Br in CD 3 OD at room temperature ( Fig. 2b) was similar to the one obtained in DMSO-d 6 , except that the signal due to imidazolium H2 protons was absent (due to H/D exchange) and the benzylic protons appeared as an apparent singlet. As the temperature was lowered, the exchange process was slowed and signal broadening was evident ( Fig. 2c and d ). (Me 2 CO)·H 2 O, III·2Br, IV·2Br·(EtOH), and V·2Br, highlighting hydrogen bonding between the C2 hydrogens of the azolium units and the bromide ions. In the cation V 2+ , the two C2' atoms in the C 4 chain are disordered over two sites. At −78°C ( Fig. 2e ), the spectrum showed a larger number of signals (e.g., four doublets corresponding to four non-equivalent benzylic protons), consistent with the cyclophane I 2+ being rigid on the NMR timescale, lacking any plane or axis of symmetry, in the conformation seen in the X-ray study. There was no evidence for the existence of a conformation of I 2+ in which the imidazolium groups were mutually syn. Fig. 3 shows the results of a variable-temperature 1 H NMR study of the imidazolium C 3 -linked cyclophane II·2Br in CD 3 OD solution. At room temperature ( Fig. 3c ), the 1 H NMR signals for the cation II 2+ were broad, indicating that the cyclophane is conformationally labile on the NMR timescale. At higher temperature ( Fig. 3b ), various signals coalesce and sharpen (but most remain somewhat broadened), the number of signals being consistent with the cyclophane having an effective plane of symmetry that bisects the xylyl group and the C 3 chain. The broad signals seen at room temperature separate into signals due to two distinct conformations (A) and (B) ( Fig. 3a ) when the temperature is lowered ( Fig. 3d ) and the two conformations are eventually "frozen out" at −25°C (Fig. 3e ).
The number of signals and coupling patterns for each of the conformations indicate that the imidazolium groups are mutually syn in both. For the major conformation (tentatively assigned as (A), Fig. 3a ), the signals of the imidazolium H4 and H5 protons have similar downfield chemical shifts (δ 7.69 and 7.78). For the minor conformation (tentatively assigned as (B), Fig. 3a ), the chemical shifts of the signals of the imidazolium H4 and H5 protons are quite different (δ 6.95 and 7.58), presumably because the H4 protons are magnetically shielded by the ring current associated with the xylyl group. 3 Interestingly, conformation (A) is intuitively the less sterically hindered of the two conformations, having the smaller portion of the imidazolium groups directed beneath the xylyl group, but the intuitively more hindered (B) is seen in the solid state ( Fig. 1 ). Perhaps in the solid state, H2⋯Br H-bonding tips the balance in favour of conformation (B), while in methanol solution, solvation disrupts the H2⋯Br interactions. 4 Like its imidazolium analogue II 2+ , the benzimidazolium cyclophane IV 2+ in solution exists in two conformations, but these conformations are rigid on the NMR timescale at room temperature. The 1 H NMR spectrum of a DMSO-d 6 solution of IV·2Br ([D 6 ]DMSO) at 25°C ( Fig. 4d and e) shows two sets of sharp multiplets, the number of signals, splitting patterns, and chemical shifts allowing the major and minor confor-mations to be assigned as (C) and (D) respectively ( Fig. 4a ). In this case, conformation (C) is strongly favoured over conformation (D), the latter presumably being destabilised by steric interactions between the xylyl group and the benzimidazolium groups. Due to magnetic shielding of the benzimidazolium H2 proton in conformation (C) by the ring current associated with the xylyl group, 3 the signal of this proton (δ 8.94) appears significantly upfield of the signal of the H2 proton for conformation (D) (δ 10.34). At elevated temperatures ( Fig. 4b and c ), 1 H NMR signals due to the minor conformation (D) broaden and merge into the baseline and signals due to the major conformation (C) also significantly broaden, suggesting that the two conformations interconvert on the NMR timescale at elevated temperatures.
The 1 H NMR spectra of solutions of III·2Br and V·2Br at room temperature showed signals consistent with the cations III 2+ and V 2+ existing as rapidly interconverting conformations (see ESI, Fig. S4 and S5 †). For example, in both cases, the benzylic protons of the xylyl group appeared as sharp singlets, not the AX doublet patterns characteristic of benzylic protons in conformationally rigid azolium cyclophanes. Evidently, the larger macrocycle size provided by the presence of the C 4 linker in III 2+ and V 2+ facilitates interconversion of conformations, presumably via processes involving rotation of the azolium groups about their N-N axes, allowing the H2 end of the azolium group to swing through the macrocyclic ring. The 1 H NMR spectra for III 2+ and V 2+ broadened at low temperatures, but even at −60°C (for III 2+ ) and −75°C (for V 2+ ) the exchange processes were not slowed sufficiently for signals due to individual conformations to be observed.
Au(I)-NHC complexes
Synthesis and NMR spectroscopy. In a similar fashion to that used for the preparation of 1·2Br, 27 heating a 1 : 1 mixture of an azolium cyclophane salt (III·2Br, IV·2Br or V·2Br) and an Au(I) source ((CH 3 ) 2 SAuBr) in the presence of a mild base (sodium acetate) afforded Au(I)-NHC complexes 2 2+ , 3 2+ , and 4 2+ respectively (Scheme 2) as their bromide salts. The complexes are of general form Au 2 L 2 2+ , where L is a cyclophane bis (NHC) ligand. In each case, two stereoisomers of each cation were generated as a consequence of the asymmetry in the ligands, a cis isomer where the cyclophane supporting ligands are arranged with their o-xylyl groups on the same side of the plane defined by the carbene C atoms, and a trans isomer where the o-xylyl groups are on the opposite sides of this plane. Numerous attempts to synthesize Au(I) complexes from the C 2 -linked cyclophane I·2Br afforded only intractable solids. The 1 H NMR spectra were as expected for complexes of form Au 2 L 2 2+ that are rigid in solution. 13 For example, the benzylic protons of the xylyl groups in each complex appeared as a pair of doublets, a pattern characteristic for cyclophane bis(NHC) complexes in which each benzylic carbon carries protons in non-equivalent endo and exo environments. 11, 13 Due to the symmetry properties of each complex (cis isomers, one two-fold proper rotation axis and two vertical reflection planes, point group C 2v ; trans isomers, one two-fold proper rotation axis and one horizontal reflection plane, point group C 2h ) NMR spectra of cis and trans isomers each showed the same number of signals, which had similar chemical shifts and splitting patterns, so the stereochemistry of each complex could not be readily assigned by NMR spectroscopy. X-ray crystallography. X-Ray diffraction studies were undertaken for crystals of cis-2·BrCl·3H 2 O, trans-2·Br 0.75 Cl 1.25 ·4MeOH·2H 2 O, cis-3·2Br·2MeOH·3H 2 O, cis-4·2Br·2MeOH and trans-4·2Br·3MeOH, containing the cations cis-2 2+ , trans-2 2+ , cis-3 2+ , cis-4 2+ and trans-4 2+ respectively. The structures of the cations are shown in Fig. 5 and 6, while selected bond lengths and angles obtained are given in Table 2 , along with those of the cations cis-1 2+ , trans-1 2+ , and 5 2+ reported previously. 13, 27 All of the new compounds contained a dinuclear cation of form Au 2 L 2 2+ (L = cyclophane bis(NHC) ligand), two halide counterions, and solvent molecules. In the cation, the o-xylyl groups are splayed away from the Au atoms, as has been found previously in all other Au 2 L 2 2+ , 13 Ag 2 L 2 2+ , 39 and Hg 2 L 2 2+ complexes 40 in which o-xylyl link the NHC moieties. While the Au-C2 distances are unexceptional, Au⋯Au distances are short in all the cations, consistent with there being aurophilic interactions between the Au centres. The Au⋯Au distance appears to be largely determined by the nature of the groups linking the NHC units, being shorter in the complexes with one o-xylyl and one C 3 -linker (cis-and trans-1 2+ and cis-3 2+ , average ∼2.940 Å) and longer in the complexes with one o-xylyl and one C 4 linker (cis-and trans-2 2+ and cis-and trans-4 2+ , average ∼3.198 Å). In complex 5 2+ , having two o-xylyl linkers, the Au⋯Au distance falls in between (3.0485 Å), presumably because the larger C-C-C bond angles and shorter arene C-C bond in the C 4 linking portion of the o-xylyl unit result in the o-xylyl unit being effectively "shorter" than the simple tetramethylene C 4 group. Interestingly, for the cations 2 2+ and 4 2+ , both of which contain a C 4 linker, the Au⋯Au distance is significantly longer in the cis isomer than in the trans isomer. In all the cations, the planes of the NHC groups in each cyclophane slightly tilt towards each other at their carbene ends, as indicated by C2-Au-C2 angles in the range 173.0-179.4°. For cis-2·BrCl·3H 2 O, the anionic sites were modelled as being partially occupied by chloride and bromide ions (site 1), bromide ions and water (site 2), or chloride ions and water (site 3), with occupancies set at 0.5 after trial refinement. The cation cis-2 2+ is situated on a crystallographic mirror plane perpendicular to the crystallographic a axis, and the unit cell projection (ESI, Fig. S6a †) shows that the cations lie parallel to the ac plane, alternating with planes containing counter ions and water molecules. For trans-2·Br 0.75 Cl 1.25 ·4MeOH·2H 2 O, the anions were refined as part bromide and part chloride, with the occupancies refined to 0.624(2) and 1-0.624(2) for chloride and bromide, respectively. The cation trans-2 2+ lies on a crystallographic inversion centre. The halide counter ions in the lattice, as well as the water and methanol molecules, form a hydrogen bonded cluster around the cell origins as shown in the cell projected along the a axis (ESI, Fig. S6b †) . For cis-3·2Br·2MeOH·H 2 O, containing benzimidazolyl C 3linked cyclophane ligands, one methanol molecule crystallised inside the 'cup' formed by the o-xylyl groups (Fig. 6a ). The unit cell projection along the b axis (ESI, Fig. S7a †) shows that the cations lie in sheets, parallel to the bc plane, and alternate with sheets containing bromide ions, methanol, and water molecules.
The atoms of the C 4 linker in the cation cis-4 2+ were disordered over two sites, with occupancies refined to 0.708 (3) and its complement. The solvent was modelled as two methanol molecules (not shown), both disordered over two sets of sites, with occupancies constrained, after trial refinement, to be the same as the disordered C 4 moiety. The unit cell diagram for cis-4·2Br·3MeOH, projected along the a axis (ESI, (1) and Au (2) atoms of adjacent cations, with the shortest Br(1)-Au(2) distance found to be 3.9559(2) Å. The crystal structure of trans-4·2Br·3MeOH contained bromide counter ions that are disordered over five sites, with the sum of their occupancies constrained to be 2. The three solvent molecules (methanol), in which the hydroxyl hydrogens were refined as part of riding models, were restrained for possible hydrogen bonding to Br (3) and Br (4) . Furthermore, the central two C atoms of the C 4 linker of trans-4 2+ were disordered over two sets of sites, with occupancies set to 0.5 after a trial refinement. The unit cell contents for trans-4·2Br·3MeOH is shown in Fig. S7c (ESI †) . Luminescence characteristics. The solution luminescence behaviour of cis-1·2Br and trans-1·2Br has been reported previously. 27 We found that aqueous solutions of cis-3·2Br and trans-3·2Br also exhibited intense luminescence, most likely due to the close proximity of the Au(I) centres ions at the core of the complex (Au⋯Au ∼ 2.9 Å in the crystal structure). The luminescence excitation and emission spectra for aqueous solutions of the cis-3·2Br are shown in Fig. 7 ; those for trans-3·2Br were essentially identical. The electronic absorption spectrum shows two main bands, centred at 288 and 345 nm. The luminescence emission spectrum (λ ex = 288 nm) shows a strong band at 431 nm and a weaker band at 555 nm. The excitation spectrum (λ em = 431 nm) is very similar to the electronic absorption spectrum, with maxima at 288 and 345 nm. The emission quantum yields (Φ) are 0.63 (λ ex = 288 nm) and 0.84 (λ ex = 345 nm) when relative to quinine sulfate. 41, 42 Complexes 2.2(Br/Cl) and 4·2Br, bearing the cyclophane supporting ligands with C 4 -linked alkyl chains, were found to have significantly longer intramolecular Au⋯Au distances in the solid state (∼3.3 Å). While complexes 2.2(Br/Cl) and 4·2Br displayed luminescence in aqueous solution, luminescence measurements were difficult due to their low solubility. The higher luminescence of solutions containing the C 3 -linked cyclophane complexes cis-1 2+ or cis-3 2+ compared to that for solutions containing the C 4 -linked cyclophane complexes cis-2 2+ or cis-4 2+ can be seen qualitatively by illumination of solutions with a TLC lamp ( Fig. S8 †) .
Biological studies of Au I -NHC complexes. All attempts to measure cytotoxicity of bromide salts of cis and trans isomers of 2 2+ and 4 2+ in HeLa cells resulted in large crystals of the Au-NHC complexes appearing in the culture wells. For this reason, representative cell proliferation studies were carried out on HeLa cells using the cis and trans isomers of the Au complexes 1·2Br and 3·2Br only. The CellTiter 96® Aqueous One Solution Reagent assay was used, based on the reduction of a tetrazolium ion ([3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, MTS Q4
) to a coloured formazan product only in healthy and metabolically active cells, and the results are shown in Fig. S9 . † The data showed that cis-1·2Br and trans-1·2Br caused a decrease in the number of viable HeLa cells in culture to ca. 60% at concentrations of 100 μM and 75 μM, respectively, over a period of 24 h. Similarly, cis-3·2Br and trans-3·2Br caused a decrease in the percentage of viable cells to ca. 60% at 82 μM and 75 μM, respectively. These data show that these Au-NHC complexes have low cytotoxicity (IC 50 values >100 μM) in HeLa cells.
The lipophilicity of the cis isomers of each of Au-NHC complexes ( Table 3 ) was assessed using the octanol-water partition coefficient, log P. 43 All of the complexes have hydrophilic character with log P < 0. Furthermore, the results show that the incorporation of the extra CH 2 group into the alkyl linker of the supporting cyclophane ligands does not result in a significant change in log P for the resultant Au-NHC complex. Incorporation of the extra aromatic rings in the benzimidazolederived complexes, however, resulted in a significant increase in hydrophobic character, as indicated by an increase in log P of ∼1 unit.
Complexes cis-3·2Br and trans-3·2Br showed aqueous solution luminescence characteristics suitable for identifying their sub-cellular localization inside live cells. MDA-MB-231 (MDA) breast cancer cells were treated with cis-3·2Br (final concentration 26.2 μM) and the cells were visualized using a luminescence microscope for 6 h (UV illumination, one image recorded every 30 s), and the time lapse movie of the cellular uptake and localization is provided in ESI (Movie S1 †). No photo-bleaching of the luminescence originating from cis-3·2Br was apparent over the duration of the experiment. Two images recorded 1 h and 3 h after initial exposure of cells to cis-3·2Br are shown in Fig. 8 . There is increasing luminescence intensity from cells after addition of cis-3·2Br, an indication of cellular uptake of the luminescent Au-NHC complex. After 3 h, the luminescence signal appeared punctate, and localised to small subcellular compartments, likely endosomes or lysosomes. In some of the cells there was a central region devoid of luminescence, suggesting that the compound does not accumulate in the nuclei of cells. Movie S1 † shows remarkably detailed capture of the live cellular processes as the cells take up cis-3·2Br. After 1 h, diffuse luminescence was seen originating from nearly all of the cells in the field of view, with very intense luminescence originating from some cells. After 3 h, whilst the diffuse luminescence intensity remained throughout the cells, there was the accumulation of intense luminescence signal originating from small and highly mobile organelles. Whilst the organelles have not been identified in these experiments, our previous studies using cis-1·2Br (100 μM) and RAW 264.7 cells (15 h incubation) showed localization to lysosomes rather than mitochondria, suggesting that they are sequestered there for degradation. Notably the greater lipophilicity of cis-3·2Br allowed cellular imaging studies to be carried out with a 4-fold lower concentration and with luminescence visible in a much shorter timeframe (less than 1 h).
Conclusions
In solution of their dibromide salts, the cyclophane cations I 2+ -V 2+ were fluxional on the NMR timescale. For the C 3 -linked 
Dalton Transactions Paper
This journal is © The Royal Society of Chemistry 2016
Dalton Trans., 2016, 00, 1-16 | 9 cyclophanes II 2+ and IV 2+ , fluxionality was due to interconversion of conformations in which the azolium groups were mutually syn. For the C 4 -linked cyclophanes III 2+ and V 2+ , interconversion between conformations in solution occurred too rapidly for the individual conformations to be identified, but in the solid state both cyclophanes adopted conformations in which the azolium groups were mutually syn. For the C 2linked cyclophane I 2+ , in solution and in the solid state, only conformations in which the imidazolium groups were mutually anti were detected. The C 2 -linked cyclophane I·2Br could not be converted into a dinuclear complex of form Au 2 L 2 2+ , perhaps a consequence of I 2+ (or its NHC derivatives) being unable to adopt a conformation in which the heterocyclic units are mutually syn. The C 3 -and C 4 -linked cyclophanes were readily converted into the dinuclear Au-NHC complexes 1 2+ -4 2+ , each of which existed as cis and trans isomers due to the asymmetry in the cyclophane structure. We have shown in this work that by appropriate ligand design, we have been able to construct complexes having short Au⋯Au contacts, between ∼2.9 and ∼3.3 Å, indicative of an aurophilic interaction. 29 In parallel, modification of the supporting cyclophane structure to incorporate less polar functional groups significantly influenced the lipophilicity of the complexes, to in turn influence membrane solubility of the complexes, and their cellular uptake and distribution patterns. The luminescent properties of cis-3·2Br were exploited to map the distribution of the complex inside live tumour cells, without the need for an additional fluorescent tag, giving valuable insight into the sub-cellular distribution for this class of compounds. Notably the observation of intense fluorescence inside the cells over a period of 6 h indicates the integrity of the dinuclear complex (i.e. Au(I)⋯Au(I) distance) remains intact and it is not degraded by in cellulo reactions with biological thiols, consistent with the lack of reactivity of cis-1·2Br with glutathione. 27 In turn, the low thiol reactivity is consistent with the low cytotoxicity of these dinuclear Au-NHC complexes, in comparison with mononuclear Au(I)-NHC complexes, where antitumour activity has been attributed to facile ligand exchange reactions with protein thiols and selenols, such as TrxR. 24 Optical probes for use in biological systems should enter the cell quickly, cause minimal perturbation of the cell, maintain their integrity and remain emissive once inside the cell, and resist photofading/photobleaching. 44 Since the luminescence signal originating from cis-3·2Br was resistant to photobleaching for more than 6 h, and as cis-3·2Br was not significantly cytotoxic, complexes of this type may have potential applications as emissive molecular probes. Metal coordination complexes offer many advantages as cell penetrating optical probes, including design versatility not available in purely organic molecules. Fine-tuning the design of these Au-NHC complexes (for example by incorporation of peptide conjugates) 45, 46 provides ample scope to improve targeting of probes to specific cells or subcellular organelles.
Experimental

General information
All chemical reagents and solvents were obtained from commercial sources (Univar, Aldrich or Fluka) unless otherwise specified. Au powder was obtained from Precious Metals Online. Nuclear magnetic resonance spectra were recorded using Bruker ARX-300 (300.14 MHz for 1 H), Bruker AV-500 (500.13 MHz for 1 H), or Bruker AV-600 (600.13 MHz for 1 H) spectrometers at ambient temperature unless stated otherwise. 1 H NMR chemical shifts were referenced to solvent references. 47 Microanalyses were performed by the Microanalytical Laboratory at the Research School of Chemistry, Australian National University, Canberra. Solvents for synthetic work were purified by distillation from the appropriate drying agent under nitrogen, and stored over sieves when necessary. 48 α,α′-Dibromo-o-xylene, 49 1,2-bis(N-imidazolyl)ethane, 50 1,3-bis(Nimidazolyl)propane, 51 1,4-bis(N-imidazolyl)butane, 52 1,3-bis(Nbenzimidazolyl)propane, 53 1,4-bis(N-benzimidazolyl)butane, 53 II·2Br, 27 and (Me 2 S)AuCl, 54 were prepared according to literature procedures. (Me 2 S)AuBr was prepared by the addition of Me 2 S (2 equivalents) to KAuBr 4 in a modification of the procedure used for (Me 2 S)AuCl.
Synthesis of azolium cyclophane salts. I·2Br: Acetonitrile solutions (150 mL) of 1,2-bis(N-imidazolyl)ethane (3 g, 18.5 mmol) and α,α′-dibromo-o-xylene (4.88 g, 18.5 mmol) were added simultaneously and dropwise to refluxing acetonitrile (450 mL) over a period of 6 h, and the mixture was left to reflux overnight. The resulting cloudy, white mixture was cooled to room temperature and filtered, and the solvent was removed under reduced pressure, yielding a white solid. Recrystallisation from ethanol yielded colourless crystals of I·2Br (1.35 g, 27%) , which were collected at the pump and washed with diethyl ether. 1 III·2Br: Acetonitrile solutions (50 mL) of 1,4-bis(N-imidazolyl)butane (0.95 g, 5.0 mmol) and α,α′-dibromo-o-xylene (1.3 g, 5.0 mmol) were added simultaneously and dropwise to refluxing acetonitrile (250 mL) over a period of 6 h, and the mixture was allowed to reflux for a further 72 h, during which time a white insoluble solid deposited on the reaction flask. The mixture was filtered whilst hot to yield a clear yellow filtrate. The solvent was removed from the filtrate under reduced pressure to yield a white solid. Recrystallised from boiling ethanol afforded large colourless crystals of III·2Br (1.27 g, 56%) , which were collected at the pump and washed with cold diethyl ether. 1 Synthesis of Au-NHC complexes. 2·2Br: III·2Br (199 mg, 0.44 mmol) and (Me 2 S)AuCl (129 mg, 0.44 mmol) were dissolved in hot DMF (40 mL, 95°C). Sodium acetate (0.11 g, 1.3 mmol) was added and heating was continued for a further 24 h, during which time a white precipitate formed. The mixture was allowed to cool, and the white precipitate was collected at the pump and washed with diethyl ether. The filtrate was poured into diethyl ether (200 mL) to produce a second white precipitate, which was collected at the pump and washed with acetone then diethyl ether. The first precipitate was recrystallised from boiling methanol and isopropanol (5 : 1) to give trans-2·2Br as colourless needles. These crystals were collected at the pump and washed with acetone (11 mg, 4.4%). The second white precipitate that formed on addition of diethyl ether to the filtrate was recrystallised from boiling methanol/isopropanol (5 : 1) to give white microcrystals of cis-2·2Br, which were collected and washed with acetone (28 mg, 11%). cis-2·2Br: 1 To ensure incorporation of bromide as the counter ion, a sample of trans-2·2Br was prepared in a procedure analogous to that above, from sodium acetate (145 mg, 177 mmol), III·2Br (267 mg, 0.59 mmol) and (Me 2 S)AuBr (200 mg, 0.59 mmol) in DMF at 95°C. The mixture was stirred at 95°C for a further 3.5 h, during which time a white precipitate appeared. Diethyl ether (200 mL) was added to the reaction mixture after brief cooling, and the precipitate was collected and washed with diethyl ether. The precipitate was recrystallised from a boiling mixture of methanol (50 mL) and isopropanol (1 mL) to yield trans-2·2Br as a white powder (33 mg, 9.9%) which was collected and washed with diethyl ether. trans-2·2Br: 1 3·2Br: IV·2Br (226 mg, 0.42 mmol) and (Me 2 S)AuBr (140 mg, 0.42 mmol) were dissolved in hot DMF (40 mL, 110°C). Sodium acetate (120 mg, 1.48 mmol) was added and heating was continued at 110°C for a further 2 h during, which time a pale yellow precipitate formed. The precipitate was collected whilst still hot, and the filtrate preserved. The precipitate was washed once with water and then with diethyl ether, and recrystallised from boiling methanol to yield a crop of large pale yellow crystals of cis-3·2Br (16 mg, 6%), which were collected by filtration through a pore 1 glass frit. Further standing of the mother liquor yielded small yellow needles of cis-3·2Br (29 mg, 10%, total yield 16%). The crude reaction filtrate was allowed to cool and diethyl ether (150 mL) was added. The resulting fine, vivid yellow precipitate was collected at the pump and dissolved in boiling methanol (25 mL) and DMSO (3 mL) and filtered whilst hot, and the volume of the filtrate was reduced to ∼12 mL. Upon cooling, trans-3·2Br was deposited as a fine yellow powder (23 mg, 8.2%), which was collected and washed with diethyl ether. cis-3·2Br: 1 4·2Br: V·2Br (248 mg, 0.45 mmol) and (Me) 2 SAuBr (159 mg, 0.47 mmol) were dissolved in hot DMF (40 mL, 95°C). Sodium acetate (148 mg, 1.8 mmol) was added and heating was continued for 24 h, during which time a pale yellow precipitate formed. The mixture was allowed to cool briefly and the precipitate was collected and the filtrate was kept. The precipitate was dissolved in boiling ethanol/methanol (2 : 1), and after hot filtration was concentrated and allowed to cool, upon which a fine white powder formed. This powder was recrystallised from boiling methanol to give trans-4·2Br as a white powder (16 mg, 4.6%) which was collected at the pump and washed with diethyl ether. Diethyl ether (200 mL) was added to the filtrate (kept from above) and the resulting white powder was recrystallised from boiling methanol to yield cis-4·2Br as colourless needles (31 mg, 8.8%) in two crops, which were collected at the pump and washed with diethyl ether.
cis-4·2Br: 1 
Measurement of lipophilicity
The octanol-water partition coefficients (log P) of cis-1·2Br, cis-2·2Br, cis-3·2Br and cis-4·2Br were determined using the shakeflask method. 43 Water (50 mL, milli-Q purification) and n-octanol (vacuum distilled) were shaken together using a laboratory shaker (Mistral Multi-Mixer) for 72 h to allow saturation of both phases. Stock solutions of the Au compounds (40 μM) were prepared in the aqueous phase and aliquots (1 mL) of each stock solution were then added to an equal volume of the n-octanol phase. The resultant solutions containing two phases were mixed for 1 h and following a short incubation at 37°C were centrifuged (3000g, 5 min, Eppendorf Centrifuge 5415C) to separate the phases. The concentrations of the Au complexes in the organic and aqueous phases were determined using their UV absorbance (310 nm, 288 nm, 259 nm, and 315 nm, respectively for cis-1·2Br, cis-2·2Br, cis-3·2Br and cis-4·2Br). log P was defined as the logarithm of the ratio of the concentrations of each of the complexes in the organic and aqueous phases (log P = log([Au org ]/[Au aq ]); values reported are the means of three separate determinations).
Spectroscopy
Electronic absorption spectra were recorded on a Perkin Elmer Lambda 25 UV-Vis spectrometer, and luminescence excitation and emission spectra were recorded on a Varian Cary Eclipse Luminescence Spectrometer. The emission quantum yield (Φ) of cis-3·2Br was determined using standard procedures with respect to the quantum yield of a reference (Φ R ) according to eqn (1): 42, 56 Φ
where I is the gradient of the standard curve of absorbance vs. integrated emission intensity for cis-3·2Br, I R is the gradient of the standard curve of absorbance vs. integrated emission intensity for the reference solution, n is the refractive index of the solution and the subscript R refers to the reference fluorophore of known quantum yield. The reference used was quinine sulfate (Alfa Aesar, 98%), dissolved in 0.1 M H 2 SO 4 , and having Φ R = 0.577 (T = 22°C). 41, 42 Measurements were made using two excitation wavelengths, λ ex = 288 and 345 nm.
Cell culture
Human cervical cancer (HeLa, ATCC) cells were cultured at 37°C under humidified 95% air/5% CO 2 in Dulbecco's modified Eagle's medium (DMEM) without phenol red, containing Earle's balanced salt solution and supplemented with 2 mM GlutaMAX, penicillin (100 U mL −1 ), streptomycin (100 mg mL −1 ) and 10% heat inactivated foetal calf serum (FCS). MDA-MB-231 human breast adenocarcinoma cells (MDA, ATCC, kindly donated by Prof. A. Dharmarajan, School of Anatomy and Human Biology, University of Western Australia) were cultured at 37°C under humidified 95% air/5% CO 2 in RPMI 1640 GlutaMAX (Gibco/Invitrogen), supplemented with 10% foetal bovine serum, penicillin G sodium (10 3 units per mL), streptomycin sulfate (10 mg mL −1 ) and amphotericin B (25 μg mL −1 ). Both cell lines were passaged every 3-5 days.
Cell proliferation/viability
HeLa cells grown in 96 well plates were incubated for 24 h in 200 μL of their growth medium containing increasing concentrations of cis-1·2Br, trans-1·2Br, cis-3·2Br or trans-3·2Br. Cell viability was determined using a cell titer assay following the manufacturer's instructions (Promega, G3580). The assay was performed by adding 7 μL of the CellTiter 96® Aqueous One Solution Reagent (MTS assay) directly to the culture wells, incubating for 1 h, and then recording the absorbance at 490 nm in a BMG Labtech Fluostar Optima plate reader. The data are expressed as percent of cells grown in the absence of any Au complexes. Data are means ± SD of three independent experiments.
Luminescence microscopy of live MDA cells MDA cells were grown in a 2.5 mL culture chamber for 24 h in RPMI 1640 phenol red free medium (Gibco/Invitrogen) with no antibiotics or foetal calf serum. A stock solution of cis-3·2Br (1 mg in 5 mL DMSO) was prepared, and immediately before use, the solution was centrifuged (3000g, 1 min). Immediately before imaging, the medium was removed from the cells and the cells were washed twice with PBS (500 μL), before the addition of fresh medium (1 mL) and 50 μL of the above cis-3·2Br solution. The cells were viewed on a Nikon Eclipse TI inverted microscope using UV illumination (BP filter 340-380 nm), and images collected on a Coolsnap EZ digital camera (Roper Scientific) every 30 s for a period of 6 h (emission LP 425 nm). NIS Elements AR software was used to convert the images in Quicktime movie format. Final cis-3·2Br concentration was determined using the extinction coefficient for absorbance at 290 nm (ε = 22 000, determined using a 2.12 × 10 −5 M solution of cis-3·2Br in DMSO), to give final concentration of 0.55 mM stock, and 26.2 μM cis-3·2Br exposed to the cells.
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